Shaft misalignment is a common problem in most rotating machines . It leads to generate vibration and extra dynamic loading on power transmitting elements, such as gears. Furthermore, it leads to irregular distribution of applied loading on the faces of teeth of mating gears by being concentrated on one side of tooth face. The work presented in this paper focuses on studying the effects of shaft misalign ment on stresses distribution on transmitting gear tooth. This is important for gear designers and for those who work in gear maintenance, especially to avoid fracture that is expected to initiate and propagate at the locations of stress concentration. A Finite Element (FE) package (ANSYS) was utilised to conduct this study, where, . 3D elements of two mating gears were modeled aiming to examine the resultant stresses under modified misalign ment conditions.. In order to minimize the computational time, only one tooth of each gear was considered for simu lation. The in fluence of the inclination angle of the shafts that the gears were attached was assessed. in particular, . Different FE analyses were carried out where the inclination angle varied fro m 0.0° to 2° in 0.5° step. The obtained results reveal that stresses concentration increases with the increase of the angle of inclination. . As a result, the possibility of the fracture of the gear increases in the root with increasing the misalign ment angle.
INTRODUCTION
When one investigates actual gears in service, the conditions of failu re due to contact and bending stresses are the most important features to be considered [1] . Due to bending stress, fracture of gear tooth is likely to occur at tooth root area where tension stresses concentrate; hence cracks may init iate and propagate at root area when maximu m generated stress at this area exceeds the failure 1 Professor, Production Engineering and Mechanical Design Department, Faculty of Engineering, Port Said University, Port Said, Egypt, E-mail: Anwarkandil@hotmail.com 2 Professor, Production Engineering and Mechanical Design Department, Faculty of Engineering, Port Said University, Port Said,, Egypt, E-mail: Ebtisam1953@yahoo.com 3 Production Engineering and Mechanical Design Department, Faculty of Engineering, Port Said University, Port Said, Egypt, E-mail: Yassen880@yahoo.com strength. Moreover, pitting may occur due to stress concentration at contact area. Bending and contact stresses generated in gear teeth depend on many variab les such as transmitted load, running speed, tooth geometry, contact ratio and other design considerations.
This work specifically investigates the effects of the shaft misalign ment on bending and contact stresses acting on in-operation gear teeth.
In 2004, Wei, Z. [2] studied the stress analysis of meshed gear tooth under bending and contact stresses using finite element method. The values and distribution of bending and contact stress which were obtained fro m that study agreed well with those obtained using the American Gear Manufacture Association (AGMA) equations. In 2006, Decaires, J.K. [3] presented a statistical tooth engagement model (STEM ) which allows designers to estimate tooth engagement and resulting stress based on a statistical representation of the tooth errors . In 2008, Rixin, X. [4] has built a three dimensional finite element model of the spur gear system to investigate stress distribution and analyse the advantage of quenching process. A fullscale deformable body model and a simp lified discrete model were both shown to be accurate through extensive comparisons to the theoretical database generated in that study. In 2009, Stoker, K., C. [5] has provided engineers with a tool to predict where and by how much the stresses of spur gears will increase when non ideal conditions are present for both two dimensional and three dimensional FE analyses. The research has shown that with an increase in the axial separation wear depths will increase and the wear profile will be mod ified. In 2010, Patel, S. [6] worked on developing an analytical approach and modelling procedure to evaluate stress distribution under velocity and mo ment that would provide a useful tool to improve spur gear design with high efficiency and low cost. The purpose of this work is to analyse and validate the stress distribution in spur and helical gears using a contemporary commercial FE method program ANSYS coupled with the Pro/E solid modeller. In 2012, Gupta, et al., [7] studied contact stress analysis of spur gear using fin ite element analysis and verified the results with (A GMA) equation. Also, in 2012, Panchal, J., K. [8] studied bending and surface pressure of external teethed involute spur gear by developing a program in Mathcad software. The program was designed to calculate surface and bending stress data by input such as pitch, face width, pressure angle, horse power, and load.
Therefore, it is obvious that the relationship between the shafts misalignment and stress distribution has not fully recovered. This paper aims at studying the effects of misalignment of shaft axes on stresses distribution on the spur gear tooth using finite element method.
BENDING STRESS ANALYSIS

Bending stre ss model
Modern gear design procedures take into account several modificat ion factors that influence gear tooth bending stress. AGMA has presented an equation to calculate bending stress on gear tooth [9] [10] [11] as fo llo ws:
This AGMA equation will be used to verify that the presented bending stress which is modeled by ANSYS is accurate and it can be used to predict the behavior of bending stress on the tooth under non-ideal conditions.
To satisfy this case, an involute toothed gear has been built in Solidworks program, using the data given in Table  1 . In order to minimize the computation the symmetry of the gear teeth was utilised. In part icular, a single gear tooth has been constructed by Solidwork program in the present work to simulate spur gear tooth, as shown in Fig. 1 . Accordingly, the bending stress distribution over the tooth has been calculated and illustrated in Fig. 4 .
Fig. 4: Bending stress distribution (a) over the whole tooth (b) on one tension side of the tooth
Using AGMA equation, Eqn. 1, and the data listed in Table 2 , the maximu m bending stress , b  , was found to be 109 MPa. 
The maximu m bending stress obtained from ANSYS was about 115 MPa,as shown in Fig. 4 -a . It is clear that both the numerical maximu m bending stress agrees well with that obtained sing AGMA equation.
Conditions of mi salignment
Shafts could be misaligned in vertical p lane, in horizontal plane or in both vertical and horizontal planes. Fig. 5 shows three cases of shafts misalign ments compared to ideal case, i.e. without misalign ment. The misalign ment cases are: case (a) presents two parallel shafts without misalignment; case (b) shafts are misaligned in the vertical plane; case (c) shafts are misaligned in the horizontal p lane and case (d) shafts are misaligned in both the vertical and horizontal p lanes.
Fig. 5: Misalignment conditions (a)without misalignment (b) misalignment in vertical plane (c) misalignment in horizontal plane (d) misalignment in both vertical and horizontal planes [13]
Effects of misalignment in bending model
After verifying that the bending stress model without misalignment is satisfactorily accurate, it has been used to predict the bending stress acting on the gear tooth under the effect of misalign ment in varies direct ions.
Gears mi salign in the vertical plane
The constructed bending model has been used, and some developments are introduced to it to agree with the requirements of the study. When shafts are misaligned in the vertical plane, the new bending model is developed, according to the applied normal load acting on an inclined line along the gear tooth width as seen inFig. 6.
The misalign ment angle θ 1 in the vertical plane changed fro m 0 o to 2 o . Three d ifferent modules (m = 2, 3, 4 mm ) were used. The applied boundary conditions and load were the same as those used in the bending model without misalignment.  for different investigated modules. It can be seen that as the increasing of the misalign ment angle θ 1 ,in the vertical plane, increases the maximu m bending stress increases. Fig. 7 shows that , for the same misalign ment angle, the maximu m bending stress decreases with increasing the module o f the gear; as the module increase the tooth size increase and its ability to withstand stresses increase. Furthermo re, it can be seen that the rate of increasing the bending stress for m=2 is higher than that for m=3 and m= 4mm. Bending stress distribution over the gear tooth model of m=4mm is given in Fig. 9 , without misalignment and with misalignment of 2 0 in the vert ical p lane. 
Gears mi salign in the horizontal plane
When shafts are misaligned in the horizontal plane, the new bending model is developed, according to the new direction of the normal load. The applied load becomes non-uniformly due to the horizontal misalign ment as shown in Fig. 10 . The misalignment angle θ 2 in the horizontal plane ranges fro m 0 o to 2 o . Also, three different modules (m = 2, 3, 4 mm ) were used. The applied boundary conditions and load were the same as those used in the bending model without misalign ment. Ho wever, the applied load was not uniformly distributed along the gear tooth width, see Fig.  10 (b). Figures 11 and 12 illustrate the effect of the misalignment angle, θ 2 , in the horizontal plane on the tooth bending stress b  for different investigated modules.Similar to the results obtained from misalign ment in vertical plane, Fig. 11 shows that as the misalign ment angle θ 2 ,in the horizontal plane increases the maximu m bending stress increases. Fig. 11 shows , also, that for the same misalign ment angle, the maximu m bending stress decreases with increasing the module of the gear; as the module increase the tooth size increase and its ability to withstand stresses increase. Furthermore, it can be seen that the rate of increasing the bending stress for m=2 is higher than that for m=3 and m= 4mm. 
Fig. 14: Effect of misalignment in both the vertical and horizontal planes (a) without misalignment, (b) with misalignment
The study was carried out assuming equal misalign ment angles: θ 1 in the vertical plane and θ 2 in the horizontal plane, which are changed equally fro m 0 o to 2 o in each case. Three different modules (m =2, 3, 4mm) for the same gear geometry were used. Same boundary conditions and same applied load were used as those used in the bending model. Figures 15 and 16 illustrate the effect of the misalign ment angles θ 1 and θ 2 on the tooth bending stress b  for different investigated modules. It can be seen that the increasing misalign ment angles θ 1 and θ 2 results in increasing the bending stress for all modules. Also, it can be seen that module of 2 mm has the maximu m bending stress. 
Fig. 17: (a) Aligned gear axes, (b) Misaligned gear axes in both vertical and horizontal planes
It can be observed that the behavior of the bending stress acting on gear tooth when the shaft are misalinged in vertical plane is similar to that when the shafts are misaligned in horizontal plane. In other words, the value of bending stress acting on the gear tooth is quite the same as its value for the same misalign ment angle in the horizontal plane. When misalign ment angle is located in both vertical and horizontal p lanes, the value of bending stress acting on the gear tooth is higher.
CONTACT STRESS ANALYSIS
Contact stre ss model
AGMA has presented an equation to calculate contact stress on gear tooth [9] [10] [11] as fo llo ws: v p m a t p c
Also, AGMA equation will be used in this investigation to verify that the presented contact stress model is accurate and it can be used to predict the behavior of contact stress on the tooth under non-ideal conditions.
The same involute toothed gear model wh ich was used in bending stress analysis section will be used in the contact stress analysis. Single pair of engaged teeth, see Fig. 18 , was selected to conduct this study . The model of the gear teeth was meshed using the solid tetrahedral elements with average element size of 1 mm. Fine mesh was used at teeth contact areas as shown in Fig. 19 .
Contact element pair has been formulated between the two teeth using rigid-to-flexib le and surface-to-surface contact element. Augmented Lagrange method was selected as a procedure to solve contact problem in fin ite element analysis, defining the contact and target surface has been done as shown in Fig. 20 . the contact model was fully constrained. The tooth which transmits the load was modelled as a rigid body and it was given s mall rotational displacement. The tooth on mat ing gear was constrained as fixed support. A normal force of 1.064 KN was applied to the tooth. This normal force accounts for the effects of radial and tangential components. Constrains of the contact model and applied load are shown in Fig. 21 . By the present finite element analysis, the maximu m contact stress was found to be about 859 MPa .. This is good agreement between ANSYS model and AGMA equation.
Effects of misalignment in contact model
It has shown that the contact stress model is satisfactorily accurate to calculate contact stress on gear teeth. Therefore, the contact stress model will be used to predict the behavior of the contact stress acting on the gear tooth under the effect of misalign ment in various directions as those shown in Fig. 5 .
Gears mi salign in the vertical plane
The constructed contact stress model was used, and some developments on the contact model have been introduced to agree with the requirements of the study. When shafts are misaligned in the vertical plane, a new contact model is developed, as the two teeth in contact have a misalignment angle θ 1 in vertical plan as seen in Fig. 24-b .
Fig. 24: Configuration of misalignment in the vertical plane (a) Without misalignment, (b) With misalignment
The misalign ment angle θ 1 investigated in the vertical plane changes from 0 o to 2 o . Also, three different modules (m=2, 3, 4mm ) for the same gear geometry have been used. Same boundary conditions and same applied load has been used as those used in the previous contact model. Figures 25 and 26 illustrate the effect of the misalign ment angle θ 1 in the vertical plane on the tooth contact stress c  for different investigated modules. It can be seen that the increasing misalign ment angle θ 1 in the vertical plane results in increasing the contact stress. The rate of increasing of the contact stress for m=2 is higher than for m=3 and m=4. 
Gears mi salign in the horizontal plane
When shafts are misaligned in the horizontal plane, a new contact model is developed, as the two teeth in contact have a misalign ment angle θ 2 in horizontal plan as shown in Fig. 28 .
Fig. 28: Configuration of misalignment in the horizontal plane (a) without misalignment, (b) with misalignment
The misalign ment angle θ 2 investigated in the horizontal plane changes from 0 o to 2 o . Also, three different modules (m=2, 3, 4mm ) for the same gear geometry have been used. Same boundary conditions and same applied load has been used as those used in the contact model. Figures 29 and 30 illustrate the effect of the misalign ment angle θ 2 in the horizontal plane on the tooth contact stress c  for different investigated modules. It can be seen that the increasing in misalign ment angle θ 2 in the horizontal plane results in increasing the contact stress. Also, the rate of increasing of the contact stress for m=2 is higher than for m=3 and m=4. The study has been done assuming equal misalign ment angles θ 1 and θ 2 in the vertical and horizontal planes, which are changed equally fro m 0 o to 2 o in each case. Using three different modules (m=2, 3, 4mm) for the same gear geometry have been used. Same boundary conditions and same applied load has been used as those used in the contact model. Figures 33 and 34 illustrate the effect of the misalign ment angles θ 1 and θ 2 on the tooth contact stress c  for different investigated modules. It can be seen that the increasing misalign ment angles θ 1 and θ 2 results in increasing the contact stress for all modules. Also, it can be seen that module of 2mm has the maximu m contact stress.
Fig. 33: Contact stress vs. misalignment angle in the vertical and horizontal planes for different modules
Fig. 34: Contact stress vs. misalignment angle in the vertical and horizontal planes for different modules in 3D-plot
Contact stress distribution over the gear tooth at constant module of 4mm is given without misalign ment and with misalign ment of 2 0 in the vertical and horizontal planes in Fig. 35 . 
CONCULOTION
Simu lation results show that the stresses distribution over the tooth are uniformly distributed when proper align ment is secured, when the axis of gears are parallel. Furthermore, as the shaft misaligned, the values and distribution of equivalent stresses change with changing the misalignment angle. This is due to the stress concentration is increasing, in the contact region and in the root of the tooth, with increasing the misalign ment angle. Stress concentration is increased on the side of concentrated load and is decreased on the other side of the gear face.
Furthermore, the probability of fracture the gear increases in the root with increasing the misalign ment angle. Moreover, the probability of gear surface pitting increases, as well.
Additionally, the deformat ion of gear tooth increases with increasing in misalignment angle.
